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DNA Repair
DNA is constantly exposed to
damaging agents. These agents
may be endogenous, the prod-
ucts of normal cellular metabo-
lism, or exogenous, such as ultravio-
let light or chemicals. Unrepaired damage
may be lethal to the cell or may cause muta-
tions, leading to various diseases including
cancer. All cells, from single-celled organ-
isms to those in complex human organ sys-
tems, have scanning and repair mechanisms
to minimize such DNAdamage.
Most of the insight into how DNA
scanning and repair systems work has been
accomplished using prokaryotic organisms.
In virtually all instances, similar systems
appear in higher organisms, indicating the
importance of the systems and justifying
the use of prokaryotes as models of DNA
repair. "Many types of DNA damage have
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been discovered along with many specific
repair systems," says Roel M. Schaaper, a
visiting scientist at the NIEHS.
To understand the various pathways
and to determine how efficient the DNA
repair systems are, scientists must study all
the processes involved. In the future such
research could lead to better treatment and
prevention of cancer and other diseases.
Researchers at the NIEHS's Laboratory of
Molecular Genetics are seeking to under-
stand DNA repair at the molecular level.
Molecular Genetics Research
Senior staff fellow Miriam Sander investi-
gates base excision repair-the cell's first
line ofdefense against oxidative and alkyla-
tive types of damage that occur frequently
and accumulate during
3 normal metabolism.
Sander is currently
'studying a repair enzyme,
called Rrpl, that is present
in the fruitfly and appears to
play a role in several types ofoxida-
tive and alkylative damage. The
enzyme has AP endonuclease activi-
ty that repairs either apurinic or
apyrimidinic sites where DNA
damage has led to the loss of a
nucleotide base. When AP activity
is missing in Escherichia colibacteria
oryeast cells, they are more sensitive
to DNA-damaging agents such as
radiation, alkylating agents, and
hydrogen peroxide. Sander de- Roel M.
monstrated that when Rrpl is
introduced in these repair-deficient cells,
they are protected.
Sander's lab has created a fruitfly model
that produces elevated levels of Rrpl. The
somatic mutation and recombination rate
is altered in these flies, as detected by
changes in the eye pigment. This model
will enable researchers to study the repair
ofdifferent types ofDNA damage in fruit-
flies with variable capacity for DNA repair.
Sander plans to engineer fruitflies with
deficient repair systems, which could lead to
an understanding of how a deficiency in
Rrpl affects mutation rates or even the life
span of fruitflies. Although no human dis-
ease states are currendy associated with this
type ofdefect, Sanderand others hypothesize
thatfuture studies mayshowa connection.
Post-Replication Mismatch Repair
The process ofDNA replication is another
source of mutations. Research geneticist
Thomas A. Kunkel and the members ofhis
laboratory use human cells to study post-
replication mismatch repair. The repair of
replication errors can be
thought of as the spell check
function on a word proces-
sor. This process ensures
nucleotide bases are appro-
priately paired. Inactivation
of post-replication repair is
associated with the majority
of cases of hereditary non-
polyposis colorectal cancer
(HNPCC). The repair defect
may also account for a signif-
icant percentage of the
20,000 cases of colon cancer
in the United States every
year, as well as play a role in
other cancers. "When the
genes responsible for
HNPCC were identified, they ThomasA. Kun
.Schaaper
provided a molecular hypothesis for cancer,"
Kunkel says. "However, just saying that a
defect in mismatch repair is responsible for a
hereditary cancer is years away from under-
standingwhythat cell becomes cancerous."
Kunkel is trying to identify the genes
involved in this type of repair and to
understand their roles. As more genes are
discovered, screening tests can be devel-
oped to better identify individuals who
have inherited the mutation and may be at
higher risk of developing the associated
cancers. This research could also improve
treatment strategies. New chemotherapies
may be created that are more selective for
specific cancer cells while sparing non-
cancerous cells.
Senior staff fellow Leroy Worth, Jr.
studies a different aspect of post-replica-
tion mismatch repair. Using E. coli, he
investigates the enzymology behind the
role of mismatch repair in controlling
homologous recombination, the erroneous
recombination of similar but not identical
DNAsequences.
nkel
Volume 104, Number 1, January 1996 * EnvironmentalHealth PerspectivesNIEHS News
The process of methyl-directed mis-
match repair in E. coliinvolves 10 different
proteins. Worth determined that two of
these, MutL and MutS, block the
exchange ofDNA between strands that are
3% different from each other. "Adding
MutS only slows down the efficiency of
the process; some exchange is still
allowed," Worth says. To fully block the
process, MutL was needed. This finding is
consistent with models for how these pro-
teins behave in replication fidelity.
Although E. coli possess only one MutS
gene, higher organisms have multiple
MutS homologues, or similar genes, that
may play different roles in genome stabili-
ty. Worth plans to study the role these
homologues have in recombination in
higher cells.
Schaaper investigates strains of E. coli
defective in the mismatch repair system.
His lab inactivated mismatch repair in E.
coli and compared the new strains to unal-
tered, wild-type strains that naturally have
low mutation levels. The investigators
observed significantly increased mutation
levels (between 100- to 1000-fold) in the
repair-deficient strain. In another strain,
the investigators inactivated both the mis-
match repair system and the proofreading
system, yielding an exceptionally strong
mutator strain (10,000- to 100,000-fold
increase). These studies have provided
detailed information about the efficiency
of both the mismatch repair and proof-
reading systems.
Antimutators
Schaaper also studies what causes sponta-
neous mutations. "This is a fundamental
question," he says, "because we know that
spontaneous mutations are associated with
birth defects, cancer, and perhaps some
types ofheart disease."
To address this question, Schaaper's
lab created several strains of E. coli that
produce significantly fewer errors in DNA
replication than the wild-type. These
"antimutator" strains possess an altered
form of the DNA polymerase that is
responsible for the accuracy of chromoso-
mal replication. The effect on the replica-
tion accuracy depends on the test system,
but generally varies between two- and
threefold.
Schaaper determined that in the strains
with the increased replication accuracy, the
level of spontaneous mutations is reduced
by twofold. "Such research provides a clear
indication that mutation rates are geneti-
cally controlled and that an organism can
change its mutation rate," he says.
The twofold decrease suggests that as
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much as one-halfofthe total mutations in
a normal cell could be caused by uncorrect-
ed DNA replication errors. Schaaper specu-
lates that the other halfcould be caused by
DNA damage that escapes the DNA repair
systems. He and his colleagues are working
to extend their antimutator approach to
examine the effects of various types of
DNA damage, such as oxidative damage
resulting from the cell's internal metabo-
lism. "Ifwe can demonstrate that increased
levels ofprotective enzymes lead to decreas-
es in spontaneous mutations, then we
would have the most direct evidence that
such damage contributes to spontaneous
mutations," he states. While the informa-
tion is not directly applica-
ble to humans, it should
gready facilitate the identifi-
cation ofsimilar processes in
higher organisms, Schaaper
says.
Double-Strand
Break Repair
A completely different type
ofrepair is being investigat-
ed by research geneticist
Michael Resnick. He studies
the repair of DNA double-
strand breaks. These breaks
are unique, as DNAdamage
typically occurs on only one
strand of the double-helix
molecule, providing conti-
nuity of the genetic infor-
mation as the other strand Michael Resni
c remains intact. When a DNA double-
strand break occurs, there is no scaffold to
hold the DNA together, and it breaks
apart. "This is the basis for chromosomal
breaks," Resnick says. "There are DNA
breaks measured at the molecular level and
chromosomal breaks at the cell level" and
the latter may lead to chromosomal
rearrangements and changes, he says.
Resnick discovered the recombination-
al mechanism of double-strand break
repair in yeast more than 20 years ago.
Other investigators have found human
homologues for genes involved in this
repair, although their role is undeter-
mined. From yeast studies, Resnick
demonstrated unrepaired DNA double-
strand breaks leads to cell death. "We want
to identify genes involved in turning this
into a lethal event," he says. Resnick and
his lab want to identify chemical agents
that enhance or modify the response. The
yeast model is also useful for examining
DNA lesions in general, allowing investi-
gators to understand how cells respond to
damage and how to control the process.
In separate research funded in part by
the National Center for Human Genome
Research, Resnick's group developed a
novel approach to cloning DNA that
greatly increases the quality of isolated
human DNA compared to other tech-
niques. The technique, transformation-
associated recombination, uses double-
strand break repair and is rapid, simple,
and can be used to isolate specific DNAs.
Resnick says that the technique should
help speed up the isolation of complete
human genes and may be useful for gene
therapystudies.
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